ABSTRACT
INTRODUCTION
Ultraviolet radiation is the primary cause of the greater than two million nonmelanoma skin cancers reported each year and is a risk factor for the development of melanoma (1) . Photocarcinogenesis rates are anticipated to rise with de¶Posted on the website on 22 , peroxynitrite; PBS/EtOH, phosphate-buffered saline-ethanol; R123, rhodamine-123; ROS, reactive oxygen species; UVB, ultraviolet-B radiation (280-320 nm). creasing ozone levels above the Antarctic and Europe (1) . It is known that damage of the p53 gene by direct absorption of ultraviolet-B radiation (280-;320 nm) (UVB) is correlated with skin cancer. However, direct absorption by p53 is not considered the sole source for all types of skin cancers (2) , and such damage does not explain UV-induced photoaging and immune suppression, which enhances tumorigenesis (2) (3) (4) . It is currently proposed that skin cancers, photoaging and immunomodulation in the skin are influenced by the immediate and accumulative photodamage caused by highly destructive reactive oxygen species (ROS). In vitro, ex vivo and solution-phase studies have found that ROS such as singlet oxygen ( 1 O 2 ), H 2 O 2 , superoxide (O 2
•Ϫ ) and nitric oxide are generated after absorption of UV radiation by chromophores that are also found in keratinocytes (urocanic acid, riboflavin, reduced form of nicotinamide adenine dinucleotide-reduced nicotinamide adenine dinucleotide phosphate [NADH/NADPH], tryptophan) (5) (6) (7) (8) (9) (10) . ROS downregulate the immune response (11) , oxidize lipids and proteins (12) , initiate the generation of proinflammatory cytokines in vitro (13) , damage DNA (14) , induce apoptosis (15) and play a critical role in altering the structure of the skin (16) . ROS are implicated in contributing to actinic keratosis, scaly lesions considered as precursors to nonmelanoma skin cancers (17) .
Two pressing questions ask where and at what levels are ROS generated in the epidermis after irradiation by commonly obtained UVB doses. † These are elementary but critical questions. It is very difficult to produce reliable quantitative estimates without greatly disturbing the tissue. The thrust of this work is to develop a noninvasive optical imaging method for beginning to answer these questions.
Because the opacity of skin reduces the spatial resolution of normal absorption and fluorescence spectroscopic measurements, traditional methods cannot be used to localize molecular reactions, including the generation of ROS in live human skin. Traditional electron paramagnetic resonance methods also have limited spatial resolution (10). However, as described herein, two-photon excitation imaging techniques can be coupled with ROS-reactive fluorophores and used to quantify fluorescent molecular species at specific, †The International Commission on Illumination defines 1 standard erythemal dose as 100 J m Ϫ2 of UVB irradiance (18) . 100 J m
Ϫ2
corresponds approximately to 7.4 min of noonday solar exposure in Bondville, IL on 4 July 2001 and will vary depending upon time of year, latitude and stratospheric ozone levels (19) . well-defined locations deeper in the epidermis than would otherwise be possible. Skin from three individuals is studied. All skin samples are lightly pigmented, although because of their ex vivo nature, their types are not classified. Age and gender are not specified because of the requirements of the University of Illinois Internal Review Board. All skin samples used in the imaging experiments are ϳ0.5 cm ϫ 0.5 cm.
MATERIALS AND METHODS

Materials. N,NЈ-[[3Ј,6Ј-bis(acetyloxy)-3-oxospiro[isobenzofuran-
Two-photon fluorescence imaging. A titanium:sapphire laser system (Tsunami, Spectra-Physics, Mt. View, CA) is used as the twophoton excitation source (20) . Two-photon excitation of the sample is achieved by coupling the 785 nm output (3 mW) of the laser through the epifluorescence port of a Zeiss (Thornwood, NY), Axiovert microscope. The excitation beam is diverted to the sample by a dichroic filter (Q560LP, Chroma Technologies, Battleboro, VT), and the fluorescence is collected using a Hamamatsu (R3996) photomultiplier. Two BG39 filters are placed in the fluorescence emission path to block scattered IR and pass rhodamine-123 (R123) fluorescence. Scanning mirrors and a 40ϫ infinity-corrected oil objective (Zeiss F Fluar, 1.3 N.A.) are used to image areas between 625 and 4000 m 2 . Depth z-slices are obtained by adjusting the objective focus with a motorized driver (ASI Multi-Scan 4).
Detection of R123 fluorescence (detection of ROS)
. Before UVB irradiation, each skin sample (ϳ0.5 cm ϫ 0.5 cm) is incubated in 100 M DHR (2:1 phosphate-buffered saline-ethanol [PBS/EtOH]) for 10 min and placed on a well-slide. A PBS-soaked piece of filter paper ensures that the sample does not dehydrate. DHR is not a selective reactant, reacting with H 2 O 2 and peroxynitrite (ONOO Ϫ ). It may react with other derivatives of molecular oxygen, including 1 O 2 as we determined using rose bengal in skin as discussed below. We use the term ROS DHR herein to refer to those molecules that react with DHR. ROS are detected after the formation of fluorescent R123 from the reaction with nonfluorescent DHR. The sample is imaged on a two-photon microscope as described previously. The sample is then removed from the microscope and irradiated by the UVB excitation source with UVB doses of 0, 550, 1650, 2750, 3850 and 4250 J m Ϫ2 (as measured at the skin's surface). The sample was reimaged upon completion of each UVB dose. The skin samples are placed such that UVB enters only through the stratum corneum. Approximately 1600 J m Ϫ2 of UVB corresponds to 2 h of noonday July sun in North America (19) . At least two unique areas are imaged for each skin sample and at each depth.
Skin viability. Mitochondrial respiration is determined by imaging skin that has been incubated with 1 M mitotracker-green in 2:1 PBS/EtOH for 10 min. The mitotracker-green results are confirmed by imaging the viable epidermal layers of skin that has been incubated with DHR (20 m, 4 min). DHR is used to detect mitochondrial respiration where respiring mitochondria oxidize DHR, which in turn forms fluorescent R123. The DHR assay is similar to the MTT assay where MTT is reduced in viable mitochondria to its blue formazan product (21) . Both assays have been used to detect active mitochondrial respiration in cultured skin samples (22, 23) . The samples are rinsed in PBS to remove nonconverted probe from the skin before being imaged. Most of the stratum corneum of each skin sample (ϳ0.5 cm ϫ 0.5 cm) is removed by tape-stripping (Scotch tape, 30-50 applications to skin surface) to aid penetration of the three probes. Without stripping of the stratum corneum, the probes do not penetrate significantly, such that fluorescence from the probes above the autofluorescence cannot be detected. Some layers of stratum corneum remained on each sample as determined by eye under the microscope. The number of strips required is less than that required by Ohman and Vahlquist (100) in their pH experiments on human stratum corneum (24) . Esterase or phosphatase enzymatic activities are determined using two-photon imaging of skin incubated with 50 M calcein-AM or fluorescein diphosphate, respectively, in 2:1 PBS/EtOH. As a result of esterase activity, nonfluorescent calcein-AM converts to fluorescent calcein (emission maximum, ϳ520 nm). Similarly, fluorescein diphosphate remains nonfluorescent until conversion by phosphatase enzymes to fluorescent fluorescein (emission maximum, ϳ520 nm). Fluorescence intensity images of the stratum granulosum of human ex vivo skin incubated with different cell viability probes are shown in Fig. 1 .
Calibration of the R123 fluorescence intensity signal. The fluorescence intensity signal from R123 is collected as a function of concentration (0-10 M) under identical experimental conditions as those used to collect the image data (excitation power, wavelength and photomultiplier sensitivity). A plot of R123 concentration versus fluorescence signal level ( Fig. 2) is compared with the skin image intensity data (Fig. 3 ) to determine the amount of R123 generated (Fig. 4) . Table 1 is used to correct the skin image intensity data for changes in both 785 nm excitation power and R123 emission (emission maximum 525 nm) caused by absorption and scatter of the excitation and emission photons within the heterogeneous environment of the tissue.
Fluorescence intensity correction because of scatter and absorption in skin at 785 and 525 nm. The transmission of light (T as ) because of scatter and absorption of the incident or emitting light at depth z can be estimated by (25) Figure 2 . Calibration of R123 fluorescence intensity signal for the lower epidermal layers. This graph is representative of all calibration curves determined. Different calibration curves were collected using identical experimental conditions as those used to collect the image data (excitation power, wavelength and photomultiplier sensitivity). (25) . Calculation of the rate of R123 production. DHR is used to detect H 2 O 2 ; however, it has been found to react with ONOO Ϫ , and it may react with other ROS (Fig. 5 ). For instance, as discussed below we find that 1 O 2 reacts with DHR in the skin. We refer to those ROS that react with DHR in Fig. 5 and throughout the text as ROS DHR . The rate constants of DHR reacting with different ROS DHR are not known. Many ROS react through enzyme-mediated pathways, making quantification of the amount of ROS generated-complex difficult. We will use a simple kinetic model for this calculation. We make the assumption that each ROS DHR,i reacts with a bimolecular rate constant k i .
This assumption places an upper limit on the calculated amount of ROS. The kinetic equation for the irreversible formation of R123 is then 
where [DHR 0 (z)] is the initial concentration of DHR. i ϭ 1, 2, 3, . . . , i) . determined as a function of epidermal depth by first completely converting DHR to R123, followed by direct two-photon excitation of the fluorescent R123 in the skin. However, complete conversion of DHR by ROS DHR in the viable epidermal layers does not occur after the maximum UVB dose (4400 J m Ϫ2 ) (Fig. 4) ; therefore, we cannot exploit the skin's intrinsic ability to generate ROS to determine [DHR 0 (z)]. Instead, we turn to the external ROS generator, rose bengal. Skin is incubated for 10 min in rose bengal and DHR (200 M in PBS and 100 M in 2:1 PBS/ EtOH, respectively). Rose bengal generates 1 O 2 in the skin on irradiation with light between 500 and 550 nm (Oriel 66028 Hg:Xe lamp with IR Water filter and 500-550 nm Schott glass filter). 1 O 2 reacts in a dose-dependent stoichiometric manner with DHR, forming fluorescent R123, which is detected in the skin by two-photon fluorescence microscopy as described previously. This gives us an estimate of [DHR 0 (z)] at different depths directly in the skin. The fluorescence emission of rose bengal (emission maximum, 575 nm) is redshifted by 50 nm compared with that of R123. Thus, a bandpass filter (HG525/50M Chroma Technologies) added to the emission path of the microscope isolates R123 emission.
RESULTS AND DISCUSSION
Images: skin viability
After incubation with the mitochondrial viability fluorophore mitotracker-green in 2:1 PBS/EtOH, the probe concentrates in the mitochondria of the stratum granulosum (Fig. 1b) , indicating that the mitochondria are actively respiring. In addition, DHR, a probe of mitochondrial activity, is converted to R123 in the absence of any UV radiation (data not shown). The conversion of DHR to R123 by the viable mitochondria is similar to the MTT assay used to determine cultured skin viability (21) (22) (23) . Esterase and phosphatase enzymes are also found to be active (Fig. 1c,d ). Similar results are found for every probe at each viable epidermal stratum. In order to correct for any presence of background fluorescence from each probe solution, the samples were rinsed thoroughly in PBS. The fluorescence intensity of each probe in the skin remained at least 98% of the expected value based on the remaining fluorescence intensity of corresponding incubating solutions of mitotracker, calcein-AM, DHR or fluorescein diphosphate after washing. Unconverted probe can typically be removed through rinsing of the samples. Autofluorescence from the skin is negligible in our experiments (1-5%, compared with skin with probe). We conclude that the increased fluorescence is the result of mitochondrial activity and esterase and phosphatase activities. Each of the probes used in our experiments is commonly used for testing viability of cell cultures and living skin equivalents (21-23). We do not have data to compare the fluorescence of the probes-and thus the viability-from ex vivo skin with that from in vivo skin. However, our data show that the solution used to incubate the skin for detection of ROS preserves mitochondrial respiration and enzymatic activity, and thus we can consider that the skin is viable.
Images: identification of the epidermal regions of ROS generation
UVB irradiance did not increase autofluorescence in the epidermis, and detectable photooxidized products of irradiated solution-phase DHR were not generated. Therefore, increases in the fluorescence signal upon UVB irradiation of the ex vivo skin samples are attributed to reaction of DHR with ROS.
UVB irradiation (550-4400 J m
Ϫ2
) of the lipid matrix and the keratin-rich intracellular space of the stratum corneum generates ROS (Fig. 3b) . The corneoctyes in the center of the image is brightly fluorescent because of its accessibility in the tissue; it is sloughing off from the surface and was stained easily by DHR. However, in locations where cells are not sloughing off from the skin surface, more ROS are detected in the lipid matrix (Fig. 3b,) than in the intracellular space of the corneocytes. This could result from three factors. First, penetration of topically applied agents is influenced by the barrier nature of the stratum corneum. Thus, the fluorophore DHR, like other agents, concentrates unevenly throughout each stratum, such that DHR may have concentrated more in the lipid-rich matrix of the stratum corneum than in the intracellular spaces. Secondly, more ROS may be detected within the lipid matrix because more UVB chromophores that sensitize ROS may be located within the matrix. The dominant UVB-absorbing chromophore of the stratum corneum is trans-urocanic acid (27) , which generates 1 O 2 after UVB and ultraviolet-A (320-450 nm) irradiation (8, 9) . As discussed previously, we found that DHR reacts with 1 O 2 . The localization of urocanic acid within the stratum corneum is not definitively known. Finally, it is also important to emphasize that some ROS react readily with lipids (12) often forming additional ROS, which may in turn react with DHR and yield a greater fluorescence intensity from the matrix than from the intracellular space.
Under identical UVB irradiance, the images of the stratum granulosum show a highly grainy structure. DHR stains numerous lamellar bodies in this layer (Fig. 3c) . Similar results are obtained in the spinous and basal keratinocytes (Fig. 3d) . DHR is often used as a probe to detect respiratory burst Figure 6 . Determination of the DHR concentration in the stratum corneum. Error in each data point measurement comes from the heterogeneous distribution of DHR throughout the corneocyte layers. This graph is representative of those determined at each epidermal depth where the DHR concentration in lower viable epidermal layers is determined to be ϳ3 M.
activity of the mitochondria. Before UVB irradiation, we did not detect significant fluorescence above the autofluorescence (skin without DHR), which indicates that respiration is not easily detected by DHR conversion to R123 unless the stratum corneum is removed or reduced in thickness as discussed previously. This results from the inability of DHR to penetrate in large-enough concentration to the mitochondria of the viable epidermal layers because of the barrier nature of the stratum corneum. This is supported by our viability experiments that required the removal of the stratum corneum before mitochondrial activity could be detected by the mitotracker viability probe. Corneocytes are devoid of mitochondria and, as Fig. 3 shows, DHR functions very well as a ROS indicator in many cellular areas in human epidermis including stratum corneum lipid matrix and intracellular cytoplasmic components of the lower epidermal keratinocytes.
It is noted that the resolution of our experiment cannot distinguish between the phosopholipid bilayer membranes of the viable strata keratinocytes and the corresponding intracellular spaces. However, the presence of UV-absorbing chromophores that generate ROS like NADPH, NADH, tryptophan and flavins in the cytoplasm is consistent with our data that find that ROS are generated within cytoplasmic compartments of the lower epidermal keratinocytes (5-7). Similarly, absorption of UVB by chromophores in the mitochondria is also known to increase the H 2 O 2 concentration (28). Mitochondria are significant sources of O 2
•Ϫ anions and H 2 O 2 and have been the focus of much research on their role in oxidative stress to cells (28) . On the basis of the twophoton images and electron microscopy data (data not shown), we conclude that ROS that react with DHR are generated in multiple cytoplasmic components including lamellar bodies, melanin, protein filaments and mitochondria. The lesser fluorescence intensity of the intercellular spaces (Fig.  3c,d) , which may or may not include the lipid membranes, surrounding each granular, spinous or basale keratinocyte suggests that only low levels of local UVB chromophores may be located here as opposed to the intracellular environment. Thus, possibly low levels of ROS may be produced in the intercellular as opposed to the intracellular space.
Estimation of the steady-state UVB-induced concentration of ROS that react with DHR
The fluorescence signal in the skin is a measure of the concentration of R123 that has been generated by H 2 O 2 , ONOO Ϫ and perhaps other ROS like 1 O 2 that have not been identified in the literature as reactants of DHR. Using the relationship described in Eq. 6, under our simplified model, where we assume a bimolecular reaction between ROS DHR and DHR, we can estimate the steady-state concentration range of the total concentration of ROS that react with DHR. First, as Eq. 6 shows, we determine ⑀ i k i [ ( z)] i , which ROS DHR ss can be calculated from the slopes of our R123 versus UVB irradiation time curves (Fig. 4) and the known value of [DHR 0 (z)]. The slopes are calculated from Fig. 4 . Each point in Fig. 4 is calculated on the basis of the average intensity over the entire image from three different skin samples. To calculate each data point in Fig. 4 , two calibrations are required. The R123 fluorescence signal is calibrated by solution-phase measurements (Fig. 2) to determine [R123(z)] in the skin. Also, because the epidermis absorbs and scatters light at the two-photon excitation wavelength (785 nm), the excitation power must be calibrated for epidermal depth (Table 1). Similarly, the R123 fluorescence (525 nm maximum) will be scattered and absorbed by the skin before detection (Table 1 ). Thus, because of the reduced excitation power and the scattering-absorption of R123 emission photons, less fluorescence is detected from the deeper epidermis compared with the surface.
Second, we calculate [DHR 0 (z)]. Complete conversion of DHR to R123 occurs readily when using rose bengal at all epidermal depths (Materials and Methods) as seen in a plot of R123 fluorescence signal intensity versus green irradiation time of the stratum corneum (Fig. 6) . A control experiment of skin incubated with rose bengal shows that because rose bengal's fluorescence is spectrally filtered, it does not interfere with the R123 fluorescence (data not shown). [DHR 0 (z)] is determined by comparison with the R123 calibration curves (e.g. Fig. 2 ) and found to be 8 M (Ϯ3 M) (Fig. 6 ) in the stratum corneum. Error in each data point in Fig. 6 comes from the heterogeneous distribution of DHR throughout the corneocyte layers. This graph is representative of similar graphs determined at each epidermal depth where the DHR concentration in the lower viable epidermal layers is determined to be 3 M (Ϯ2 M) (data not shown).
Thus, (Fig. 7) . ROS DHR ss This is on the order of the amount of O 2
•Ϫ that is generated in mitochondria but much less than the amount of mitochondrial H 2 O 2 that is generated (10 Ϫ8 M) (29) .
Estimation of the number of ROS that react with cellular components at each epidermal depth
The production of R123 occurs much slower than the overall reaction of ROS DHR with other cellular components. The ex- ), where K ϭ 10 7 (Eq. 8). This yields the minimum number of ROS DHR that are generated, based upon our simple kinetic model. pected lifetimes of ROS DHR in the presence of reactive constitutive cellular components is i ϭ 10 Ϫ3 to 10 Ϫ10 s (26) . Thus, the relatively low rate of R123 production from the reaction of ROS DHR with DHR in our experiments results in 10 7 and 10 14 times lower yield than that of other reaction products within the cell. Therefore, using the competing rates as an approximation, 10 7 to 10 14 times more H 2 O 2 , ONOO Ϫ and other molecules capable of reacting with DHR are generated in our experiment than we detect using R123 fluorescence. The ROS molecules that we do not detect react with proteins, lipids and other cellular components rather than with DHR. The ROS-induced photodamage is the result of a constant rapid turnover of ROS molecules that are continually being generated during UVB illumination of the skin.
Using our simple bimolecular one-step kinetic model describing the kinetic relationship between ROS DHR and DHR or the cellular environment, we can estimate an upper limit to the total amount of ROS molecules ( ) genTotal C face ROS DHR erated over an irradiation time corresponding to a total integrated energy, I total , in human facial skin that is lightly pigmented (ca 258 cm 2 ).
face ROS total I dose I is the total energy absorbed per area during erythemal UVB exposure (J m Ϫ2 ), A is the estimated area of the face (excluding the neck) irradiated, d is the thickness of the epidermal stratum and [R123]/I dose is the concentration of R123 molecules per UVB dose (Fig. 4) . K is the approximate conversion factor (discussed previously) for the reaction of ROS DHR with DHR and with its cellular environment (10 7 to 10 13 ). A for an average-sized woman is estimated to be that of a simple rectangle of ϳ8 ϫ 5 inches (20.3 cm ϫ 12.7 cm).
After a UVB irradiation dose (1600 J m
Ϫ2
) commonly obtained from 2 h of North American July solar exposure (19) , a minimum of 14.70 mmol (Ϯ1.37 mmol) of ROS DHR are generated in the ex vivo stratum corneum, and ϳ10 Ϫ4 mol of ROS DHR are generated in the ex vivo viable epidermal keratinocytes through to the basal layer ( Table 2 ). The lifetime accumulative number of ROS DHR molecules is also calculated (Table 2) . Between birth and 55 years of age, a person is exposed to a total of ca 64 ϫ 10 5 J m Ϫ2 (Ϯ22 J m Ϫ2 ) erythemal UVB upon the neck and face area (30) . This cumulative UVB dose will vary depending upon skin type, latitude and stratospheric ozone levels.
CONCLUSIONS
Our data show that two-photon fluorescence imaging is a useful tool for detecting UV-induced ROS generated within ex vivo human skin. We have used this method to determine the effects of sunscreens and antioxidants upon ROS levels generated by UV irradiation of the skin (in preparation, Hanson and Clegg). The kinetic model we use to quantify the number of ROS generated is based upon the assumption that DHR reacts with an irreversible bimolecular rate constant k i with each ROS DHR . It is possible that the kinetic relationship between DHR and ROS DHR may not be bimolecular and may not be diffusion controlled; rather some of the reactions may be enzyme-or cofactor-mediated and involve subsequent slower steps. Using the assumption of a diffusion-controlled bimolecular reaction, we are calculating an upper limit to the total amount of ROS that are generated. We are exploring the issue of ROS quantification further. It is not known whether DHR reacts with other ROS besides H 2 O 2 and ONOO Ϫ . Only very limited information has been published on the photochemistry of DHR.
Besides elucidating the reaction characteristics of DHR and other radical reactants, there are other parameters of our experiments that must be investigated. Our use of fluorescent UVB bulbs does not identically mimic solar UVB output. The energy spectrum will influence the number of ROS generated. And it would influence the comparison of our experimental results obtained from UVB bulbs with data acquired from natural sunlight (31) . The bulbs may have a higher output in the lower-UVB (Ͻ300 nm) region than what reaches the earth's surface, which may lead to different ROS levels generated compared with those induced by solar UVB. The ex vivo nature of the skin samples studied may result in their having different antioxidant capabilities than those of in vivo skin. This could also artificially increase the amount of ROS detected in our experiment. The experiments should be extended to in vivo conditions. The relation of ROS production in ex vivo and in vivo samples is not known.
However, our data definitively show that commonly obtained UVB doses induce highly destructive ROS in all layers of the epidermis. The data emphasize the importance of quantifying the amount of ROS generated and determining which levels contribute to cellular damage within each epidermal strata that leads to photoaging, immunomodulation and skin cancers. Improvements will result from better quantification and characterization of the photophysical kinetics of DHR and other radical probes with the various different radical species. This report is the first study using quantitative two-photon excitation fluorescence tissue imaging with fluorescence probes of radicals. It is a major step in the direction of quantifying the relative ROS species in different locations of the skin in a noninvasive manner and clearly shows the probable locations in viable tissue of high concentrations of radicals. Importantly, two-photon fluorescence imaging, with full understanding of the reaction kinetics of the probe fluorophore, has the capability of quantifying values of the concentration of ROS in intact tissue samples after UV irradiation.
